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ABSTRACT 

The theoretical  and experimental  investigation of an acce lera tor  
mounted on the muzzle of a light gas gun is described. The acce lera tor  
operates on gasgynamic principles and uses  the energy and momentum of 
a p r imary  projecti le,  launched by the light gas  gun, to achieve high vel- 
ocities of a relatively light secondary projectile accelerated f r o m  r e s t  in 
the accelerator ,  The internal c r o s s  section a r e a  of the acce lera tor  is 
constant and identical to that of the light g a s  gun ba r re l .  

The theoret ical  investigation indicated that secondary velocities 
which were  60 to 8 0  percent  higher than the p r imary  velocity could be 
achieved for  p r imary  to secondary projectile mass rat ios  equal to 2 0  o r  
above. 
ocity, if losses  a r e  neglected. 

It was found that such increases  a r e  independent of p r imary  vel-  

The experimental  f ir ings gave good agreement  with theory. Second- 
a r y  velocities were  45 to 60 percent higher than p r imary  velocities for  a 
projectile mass rat io  of 18. It was found that there  was little tendency for  
the percentage increases  to fall off with increasing p r imary  velocity, in- 
dicating that energy loss  effects were  not severely limiting the acce lera tor  
performance e 

Secondary velocities were  found to be l imited by anomalous fai lures  
of the disk-like metal secondary projecti les which were  employed. These 
failures prevented the investigation of projectile mass rat ios  above 18 and 
l imited the secondary velocity of the present  acce lera tor  configuration to 
slightly above 30, 000 feet/second, for  pr imary  velocities slightly below 
20 ,000  feet/second. 
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The design and development of the micrometeoroid simulation facility 
were  descr ibed in Volume 1 of this repor t  (Reference 1). The facility was 
developed with the a i m  of achieving velocities in the range 2 0 , 0 0 0  fee t /  
second to 5 0 , 0 0 0  feet /second,  with par t ic les  whose s ize  may be controlled 
over a wide range,  and whose mass can  be determined in flight jus t  p r ior  
to impact. The facility consists of a 0.5 inch light gas gun; an  acce lera tor  
a t  the muzzle of the light gas gun to provide an improved velocity capability; 
and  a range tank containing diagnostic equipment, including f lash X-ray f o r  
mass determination in flight. 
of a novel technique for in-flight mass measurement  by means of X-ray 
photography were  descr ibed in Volume 1, 

The theory and the experimental  application 

The light gas  gun was designed with ease  of operation as a pr imary  
consideration, and the acce lera tor  was designed to be a relatively in- 
expensive i tem,  disposable af ter  each firing. 
length by the dimensions of the building for  its accommodation at Marshal l  
Space Flight Center.  
gun, and a shor t  range tank having a total  length of about five feet .  

The facility was l imited in 

This led to the choice of a relatively sho r t  light gas  

The acce lera tor  considered in Volume 1 was effectively a third stage 
of the light gas  gun, incorporating a fur ther  reduction in a r e a  to a small 
diameter launch tube, and operating on a principle similar to that of the 
light gas gun second stage except that destructively high p res su res  were  
permitted in the acce lera tor  compression tube. 
expansion of the compression tube walls would be of sufficiently long dur-  
ation s o  as not to interfere  with the acceleration of the secondary projectile 
in the launch tube. 
launch was anticipated, which led to the provision for  in-flight m a s s  
measurement .  

It was calculated that 

Some mass loss  of the secondary projectile during 

The acce lera tor  did not achieve the anticipated performance level,  
and it was concluded in Volume 1 that this was due to severe  energy loss  
effects not included in performance computations. 
a ted with the reduction in a r e a  f r o m  the 0, 5 inch diameter  compression 
tube to the 0.062 inch launch tube. 
that an  acce lera tor  design be considered having no a r e a  reduction to the 
launch tube, and descr ibed as a "constant a r e a  accelerator".  It was sug- 
gested that because of the forward velocity imparted to the g a s  column in 
the acce lera tor ,  such an  arrangement  would overcome severe  loss  effects. 

The losses  were  associ-  

It was therefore  proposed in Volume 1 ,  

7457 /R1 
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The present  Volume descr ibes  a theoretical  and experimental  in- 
vestigation of the constant a r e a  acce lera tor .  The experiments were  per-  
formed on a temporary  installation of the micrometeoroid simulation fac-  
ility at ComDev, before delivery to the Marsha l l  Space Flight Center .  
experimental  p rogram is regarded as prel iminary in nature ,  because of 
its sho r t  duration of only four months. 

The 
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SECTION 2 

THEORYOFTHEACCELERATOR 

2 . 1  ADVANTAGE OF THE CONS ANT AREA CONCEPT 

The constant a r e a  acce lera tor  is i l lustrated in the sketch below. 

Secondary Roject i le 
Diaphragm init ially at Rest 

Gas Column 

Primary Projectile Compression Tube 
from Gas Gun 

Launch Tube 

Initially the column of g a s  in the compression tube is a t  res t .  
ocity p r imary  projectile en ters  the compression tube and loses  energy to 
the g a s ,  causing it to accelerate .  Increased gas p re s su res  force  the low 
mass secondary projecti le to acce lera te  down the launch tube. This ex- 
change of energy and momentum continues to the point where no fur ther  
significant decrease  in the velocity of the pr imary  projecti le,  o r  increase 
in the velocity of the secondary projecti le,  is obtained. 

A high vel- 

The constant a r e a  accelerator  differs markedly f r o m  the f o r m  of the 
It is important to underscore this accelerator  considered in Reference 1 e 

difference, 
In this a r rangement ,  the loading gas was compressed  to a high p res su re  
r e se rvo i r  having a ve ry  high escape speed. Gaq  expanded f r o m  this 
r e se rvo i r  into the launch tube to acce lera te  the projectile. The p res -  
su res  and tempera tures  in the r e se rvo i r  will  be much higher than those 
experienced in the launch tube, where internal energy of the gas  has been 

The e a r l i e r  accelerator  is sketched on the following page. 

7457 /R1 
Volume 2 ,  Section 2 3 



exchanged for  high kinetic energies  of both the gas  and the secondary pro- 
jectile. 
as the gas expands into the launch tube, is highly dependent on lo s ses ,  such 
a s  contamination due to erosion of ma te r i a l  a t  the launch tube entrance,  and 
by boundary layer  friction in the s m a l l  diameter  launch tube. 
in Reference 1 that such losses  severely l imited the acce lera tor  performance. 

The process  of conversion of g a s  internal energy into kinetic energy,  

I t  was found 

Diaphragm 
.k 

condary Projectile 

Primary Projectile 

High Pressure Gas 

The constant area acce lera tor  does not employ a stationary g a s  
r e se rvo i r  of high internal energy. 
well as a cer ta in  amount of internal energy,  as the p r imary  projecti le con- 
tinues to do work on it. 
provide kinetic energy of the secondary projectile. P r e s s u r e s  and temp- 
e ra tu re s  a r e  relatively low; in fact  conditions m a y  be found such that the 
maximum base p re s su re  experienced by the projecti le is the highest p re s -  
s u r e  encountered in the accelerator .  Because of the elimination of the 
high p res su re  gas r e se rvo i r ,  it was considered that the constant a r e a  
acce lera tor  would not be severely r e s t r i c t ed  in performance because of 
losses.. 

The gas  acquires  kinetic energy,  as 

The gas  t ransfers  par t  of i ts  acquired energy to 

Two versions of this concept have been studied. The first is the 
"single-gas acce lera tor"  in which the gas column separating the pr imary  
and secondary projecti les consists of a single homogeneous gas.  The 
second is the "two-gas accelerator" ,  in which the gas column initially 
consis ts  of two compartments containing different gases  which have dif- 
fering densities. 
is discussed in the following sections.  

The analysis of the single-gas and two-gas acce lera tor  
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2.2 SINGLE-GAS ACCELERATOR 

2 . 2 . 1  SIMPLIFIED ANALYSIS 

An approximation to the acce lera tor  performance may be obtained 
if it  is assumed that the acceleration process  is a collision process  in- 
volving the p r imary  projecti le,  the gas  and the secondary projectile. 
Conditions at the end of the acceleration process  may be related to the 
mass and velocity of the pr imary  projectile by simple equations of conser -  
vation of momentum and energy. Computer runs ,  in which the detailed gas 
dynamic processes  a r e  calculated, have shown that towards the end of the 
acceleration process  the gas density becomes uniform and the gas velocity 
l inear  between Va and V,  ( see  Section 2 . 2 . 2 ) .  This fac t  great ly  simplifies 
the solution of the conservation equations. 

The equations for  the single-gas acce lera tor  a r e  given in Appendix A. 
It is interesting to note that the velocity multiplication factor V,/V,, depends 
only on the relative m a s s e s  of the pr imary  projecti le,  the gas ,  and the 
secondary projectile; and on the factor ' K '  which is introduced to express  
kinetic energy losses  in the system. F o r  example,  K = 1 . 0  means that 
there  is no loss  of kinetic energy in the system; K = 1. 5 means that a n  
amount of energy is absorbed in the gas which is equal to 50 percent of the 
gas kinetic energy. 

Figure 1 shows the variation of the velocity multiplication factor 
The curves are V,/V, for  the case  of K = 1.0 and the case  of K = 1.65. 

plotted for  values of Mp/ML (p r imary  projecti le mass divided by secondary 
projecti le mass) var ied  between 5.0 and 40. 
factor 1. 65 reduces the performance considerably and changes the shape 
of the curves  s o  that peak performance is achieved a t  low values of MG/M, 
( g a s  mass divided by secondary projectile mass). 

The inclusion of the loss  

The value K = 1.65 was based on the internal  energy remaining in 
the gas  in typical gasdynamic computer runs.  It was  found f r o m  these com- 
puter runs that the factor ' K '  var ied  over a wide range depending upon the 
acce lera tor  conditions. This charac te r i s t ic  is discussed in the next section. 

2.2.2 GASDYNAMIC ANALYSIS 

The above simplified analysis showed that initial and final conditions 
in the acce lera tor  may be related with relative ease.  
may  a l so  be calculated by considering the unsteady compression and ex- 
pansion processes  which take place in the gas .  
g r a m  was writ ten which solves the par t ia l  differential equations of unsteady 

The end conditions 

To do this a computer pro- 
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motion of the gas  by a numerical  finite-difference method. 
is described in Section 2.4. 
mat ical ly  and was  extensively tested ,for accuracy,  

This program 
The program can handle shock waves auto- 

The simplified analysis indicated that f o r  similar gas  and projectile 

The first  application of the single-gas computer pro-  
mass, similar acce lera tor  performance would be expected, regard less  of 
gas character is t ics .  
g r a m  was to investigate performance when gases  having different molecular 
weights a r e  employed. 
m a s s e s  of gas  and project i les ,  and identical p r imary  projecti le velocity 
(25,000 feet/second).  The accelerator  geometry was the same for  each 
run. 

Computer runs were  made fo r  cases  having identical 

Final  projecti le velocities were  as follows: 

Helium 35,480 feet /second 
Argon 35,320 feet /second 
Hydrogen 34,140 feet /second 

Thus performance is little affected by varying molecular weight between 
2 and40.  

The reason  for  the above s imi la r i ty  s t ems  f r o m  the fact  that  the 
compression and accelerat ion of the gas is produced by a ve ry  strong 
shock process ,  
into the gas  which ref lects  f r o m  the projectile base.  Multiple reflections 
m a y  occur between the p r imary  and secondary projecti les before the pro-  
ces s  subsides to a quasi-steady condition. Consider the reflection of the 
f i rs t  shock wave, as shown in the sketch below. 

The p r imary  projectile drives a ve ry  strong shock wave 

If the secondary projectile were  to remain  stationary,  strong shock r e -  
lationships for  an ideal gas would give the following expressions for  the 
conditions in region (3). 

745 7/R1 
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9 y t l  
density P3 = \Jri i 

va ( y t  l)a 

2 ( r -  1) 
p res su re  P3 = PI 

where p3 = gas  p re s su re  in region ( 3 )  

y = ra t io  of specific heats 

p1 = loading gas  density 

ps = gas density in region ( 3 )  

P r e s s u r e  and density a r e  thus independent of the gas  molecular weight and 
depend only on y and the loading density (o r  mass for  fixed geometry).  As  
the projectile commences to acce lera te ,  the p re s su re  decay on its base will 
be governed by the sound speed and the escape speed in the region (3).  It 
is easy to show that these quantities depend only on y. 
the strong shock p rocesses ,  it  would be expected that gases  having similar 
y will give similar performance in a given accelerator .  
s imilar i ty  between the resul ts  for  helium and argon above. The small dif- 
ference in muzzle velocity is probably caused by the difference in the initial 
specific internal energy of each gas.  In practice operation with argon would 
be much hotter than with helium, which would give r i s e  to increased losses .  

Thus,  because of 

This explains the 

A distance-time diagram for  the helium c a s e  is shown in F igure  2 .  
The overal l  length of the acce lera tor  was 1 . 0  foot. 
velocity and density distributions in the gas  when the secondary projecti le 
is at the muzzle ,  and indicates that conditions a r e  approaching the constant 
density and l inear velocity profiles assumed in the simplified analysis. It 
was found that performance agreed well  with the appropriate kinematic cal-  
culations having the same  value of the factor K. 
1 . 6 1  and 1 .68  in the above gasdynamic runs ,  due to  residual internal energy 
in the gas. 

F igure  3 shows the 

This factor var ied  between 

Attention was then turned to applying the gasdynamic compu'ter 
program to the investigation and optimization of the theoretical  performance 
of the accelerator .  
sis to es tabl ish t rends and save computer t ime, it was necessary  to  es tabl ish 
a c r i te r ion  for  the basis  on which to compare calculated accelerator  per -  
formance. 
process  when the gas density is fair ly  uniform and the situation compares  
well  with the simplified analysis f o r  the same  value of the factor ' K ' .  

In o rde r  to make maximum use of the simplified analy- 

To explain this ,  le t  US consider the l a t e r  stages of the accelerat ion 

The 
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secondary projecti le will  continue to gradually acce lera te  while the gas  
continues to lose internal  energy (reducing the fac tor  I , ' ) *  

it might be worthwhile to lengthen the launch tube to take advantage of the 
continuing accelerat ion,  in other cases  the acceleration is too graduai to 
make it worthwhile. To tackle this problem two fa i r ly  a rb i t r a ry  c r i t e r i a  
were  established. 

In some cases  

The first c r i te r ion  is to  compare all acce lera tors  
on the basis  of having the same geometry (i.e. 
having the same ra t io  of launch tube length to  load- 
ing tube length)o For this case i t  was  assumed 
that the launch tube length is  equal to the loading 
tube length. 

The second cr i te r ion  is to compare acce lera tors  
having launch tubes long enough s o  that any addit- 
ional length does not provide worthwhile gains in 
performance. It was a rb i t r a r i l y  assumed that the 
muzzle of the acce lera tors  would be at the point 
where the velocity gain in the final 10 percent of 
launch tube length is only between 1.0 and 1 , 5  
percent (usually 1 3 percent).  

These c r i t e r i a  will  be r e f e r r e d  to as cr i te r ion  (a) and cr i te r ion  (b). 

One of the f irst  tasks  was to study fur ther  the correlat ion between 
the simplified analysis and resu l t s  obtained f r o m  detailed gasdynamic 
computer calculations. 
mass rat ios  (Mp/ML)  of 5, 10,  40 and 500, that good correlat ion was in 
fact  obtained. 
s e r i e s  of calculations for  a projectile mass rat io  of 10,  in which the c r i t -  
er ion (b) was employed. 
the computations decreases  as the rat io  of gas m a s s  to secondary projectile 
mass MG/M, is increased. This causes  the computed multiplication factors  
VL/V1 to fall on a line which t r ave r ses  the simplified resul ts  for  fixed 
values of 'M' 

It was found, for calculations made at projecti le 

F igure  4 shows the multiplication factors  achieved in a 

It can be seen that the value of ' K '  obtained in 

Associated with the above task was the problem of establishing 
whether the gas  dynamics resu l t s  are themselves consistent in cases  having 
the same values of Mp/ML and MG/MLr but in which the p r imary  projectile 
velocity, the m a s s e s  involved, the type of gas  involved and the sca le  may 
be physically different. It was found that,  provided pr imary  projecti le 
velocity was high enough to cause strong shocks,  the correlat ion was ve ry  
good. 
These have almost  identical values of 'M' and multiplication fac tor ,  but a r e  

F o r  example,  in Figure 4 there  a r e  two computed points at MG/ML = 3 ,  
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for p r imary  projectile velocities of 14,000 feet /second and 25,000 fee t /  
second, S imi la r  correlat ion was found in varying the sca le ,  type of gas  
and the m a s s e s  involvedhk. 

The above resu l t s  indicated that  maximum advantage should be taken 

The variation of ' K '  with MG/ML, f r o m  gasdyna- 
of the simplified analysis at the appropriate ' K '  to a s s i s t  the analysis  of 
acce lera tor  performance. 
mic  computer runs ,  is shown in F igure  5 for  c r i te r ion  (a) and in Figure 6 
for  c r i te r ion  (b). In every case  there  is a tendency for  ' K '  to be reduced 
fo r  increasing MG/ML, and it is interesting to observe that each value of 
Mp/ML possesses  a distinct curve,  These curves have been used to help 
produce performance curves for  both c r i te r ion  (a) and cr i te r ion  (b ) ,  by 
using these values of ' K '  in the simplified analysis.  Figure 7 shows the 
multiplication fac tors  achieved under c r i te r ion  ( a )  while Figure 8 shows 
those for  c r i te r ion  (b).  The acce lera tor  geometry which is required to 
achieve c r i te r ion  (b)  is shown in F igure  9. The required lengths were  
found to fall close to a single curve as a function of MG/ML only, for  all 
computer runs. Constant geometry is represented by a horizontal line 
a t  unity on Figure 9; thus the performance of the constant geometry accel-  
e r a to r  will  be lower than for  the case  of c r i te r ion  ( b ) ,  fo r  MG/ML higher 
than approximately 1.0. 

The next task was to determine suitable conditions for  acce lera tor  
operation f rom the standpoint of both performance and ease  of launching. 
A glance at Figure 8 for  example shows that fo r  Mp/ML = 40 ,  highest pe r -  
formance is predicted a t  MG/M, = 3 ,  while for  Mp/ML = 1 0 ,  highest pe r -  
forrr'ance is predicted at ve ry  low values of MG/ML. However, the curves 
te l l  nothing of the shock wave s t ruc ture  and the resulting base p re s su res  
to  which the secondary projectile will be subjected. The g a s  dynamic com- 
puter runs have been made for  a wide var ie ty  of conditions of geometry,  in- 
coming velocity, e tc ,  which were  found to cor re la te  well  with one another 
in t e r m s  of non-dimensionalized performance. 
correlat ion in  base  p re s su res  was suspected because of the charac te r i s t ics  
of strong shock waves which were  mentioned previously. These charac te r -  
is t ics  suggested that the base p re s su res  for  all computer runs could be 
approximately reduced to a common standard geometry,  secondary projecti le 
mass and pr imary  projectile velocity. 
the resul ts  standardized to a compression tube length of six inches,  second- 
a r y  projecti le weight of 1.0 g r a m  and pr imary  velocity of 25,000 feet/second. 

The existence of a s imi l a r  

The upper curve of F igure  1 0  shows 

* These resul ts  could have been presumed in advance were  it not 
for  r ea l  gas  effects 
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The shape of this curve can be explained by reference to the shock 
his tor ies  in the acce lera tor  and their  influence on the secondary projectile 
base pressure .  
shown in Figure 11, 
corresponding to  the a r r i v a l  of shock waves. 
and gives r i s e  to the peak base pressure .  
above 1 , 0 ,  the f irst  shock becomes s t ronger ,  because of the increased gas  
density, whereas  the second peak becomes progressively weaker.  
other hand, as MG/ML is reduced below one, the first shock becomes weaker 
while the second becomes the s t ronger .  
is surpassed  in s t rength by the third shock wave a s  MG/ML is reduced. 
Figure 12  indicates schematically the shape of the base  p re s su re  curves fo r  
values of MG/ML between 0,3 and 3.0. At values of MG/ML below about 0 .25  
the third shock wave rapidly becomes very strong. 
a r y  projecti le mass the re  appears  to be an optimum choice for  the gas  mass 
in the neighbourhood of MG/ML = 0.3 to 0 .8 ,  f r o m  the standpoint of minimiz- 
ing peak projecti le pressure .  

Base  p re s su re  his tor ies  at MG/M, = 1 , 0 ,  for  example,  a r e  
The base p re s su re  is character ized by two peaks,  

The first peak is the s t ronger  
If the rat io  of MG/ML is increased 

On the 

Eventually the second shock wave 

Thus for  a given second- 

2 . 3  %WO--GAS ace 

In the two-gas acce lera tor  the loading tube is  divided into two com- 
partments containing gas so that the gas in the compartment  adjacent to the 
p r imary  projectile has  a higher density than that in the second compartment.  . 
The underlying concept is that this density discontinuity will  be retained 
when uniform conditions a r e  reached,  as indicated in the sketch below. 

v2 VL 

I 

I I I I 

I 

/ I 

v2 F . I 
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Thus for  a given mass of gas  and a given velocity profile Vz to V,, the 
energy and momentum absorbed by the gas will  be l e s s  than for  the case  of 
uniform density. 
formance over the single-gas case.  

This leads to the possibility of improving acce lera tor  per-  

2 .3 .1  SIMPLIFIED ANALYSIS 

Simple conservation relationships may  be used to re la te  the stage 
when uniform conditions have been reached, to the initial p r imary  projecti le 
velocity and mass. 
c r ibe  loss  of kinetic energy as internal energy of the gas o r  a s  heat lcss. 
The relationships a r e  given in the Appendix B. F igure  13 shows a sample 
plot of velocity multiplication factor for  the c a s e  where the final density 
ratio is equal to th ree ,  the value of ' K '  is equal to 1. 5, and for  which the 
final position of the density discontinuity is si tuated at distances of 0. 5 
and 0.7 times the gas  column length (measured  f r o m  the pr imary  projectile). 

These relationships make use of the factor ' K '  to des-  

Two problems have a r i s e n  in analytical studies for  the two-gas case.  
The first is associated with the fact  that there  a r e  two additional parameters  
t o  be considered: the density ra t io  and the position of the density discontin- 
uity o r  interface. Not only do the additional var iables  complicate the analysis 
considerably,  but there  is  a l so  the m o r e  difficult problem that the interface 
position and density ra t io  change as the accelerat ion process  proceeds,  s o  
that the final values a r e  normally considerably different f r o m  the initial values, 
Thus,  for  example,  an  initial density ra t io  of 1 O : l  and an interface position 
of 0.5 has been found to a l te r  to values of 3:l and 0. 79 in one c a s e ,  and to 
5:l and 0.66 in another ,  in gasdynamic computations. The only differences 
between these runs were  alterations to the value of MG/M, and to the gas 
mass itself. It does not s e e m  possible to predict  the final values accurately,  
and it is only the final values which a r e  of interest  fo r  the simplified anaiysis. 
The other problem is that it takes much longer for conditions to  become uni- 
fo rm than in the c a s e  of the single-gas accelerator .  Computer runs have in- 
dicated that normally conditions a r e  still non-uniform a t  the point where the 
fur ther  accelerat ion of the secondary projecti le is becoming insignificant, 
at  values of projectile t rave l  which a r e  large compared with the compression 
tube size.  
ably m o r e  computer t ime simply to bring conditions to the point where valid 
comparisons with the simplified analysis may be made. 

It was necessary  to decide if it was worthwhile to expend consider- 

Because of these problems it was decided to make comparisons of the 
two-gas acce lera tor  on the basis of constant geometry only. 
geometry was the case  of launch tube length equal to compression tube length. 
This unfortunately meant  that direct  comparisons with the simplified analysis 
could not be made,  although the la t te r  could be used to provide guidance. 

The chosen 
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2 3 2 GASDYNAMIC ANALYSIS 

The single-gas computer program was modified to t r ea t  the two-gas 
Dissimilar  gases  with the associated contact discontinuity may be case ,  

handlede The program is descr ibed in Section 2.4. 

Most runs have been made fo r  the case  of projectile mass rat io  
M,/ML = 10,O. 
the initial density ra t io  and the interface position at values of MG/ML of 0. 5, 
1 .  0, 3, 0, 4, 0 and 5, 0, Detailed resu l t s  will  not be presented in this repor t  
because no c l ea r  t rends emerged and in par t icular  no significant performance 
advantage ove'r the single-gas case  was observed. The bes t  velocitjj multipli- 
cation factors  have been values of 1. 75 for  the cases  MG/ML = 4.0 and MG/ML = 
5. 0 with an  initial density ra t io  of 40 and an initial interface position of 0.2 
These resu l t s  a r e  shown in F igure  14, together with some resu l t s  f o r  an 
initial density ra t io  of 1 0 , 0 ,  Figure 14 a lso  shows the resu l t s  of computer 
runs at Mp/ML = 18,0, which was the value used for  experimental  f ir ings.  

The runs have been used to probe the effects of altering 

The m o s t  significant resu l t  of the two-gas computations was the role 
played by the lower density gas  as a shock wave attenuator. 
by the simplified distance-time diagram sketched below, in which expansions 
have been omitted, 

This is i l lustrated 

The s t rength of the initial shock wave is reduced as it is t ransmit ted into 
the lower density g a s ,  
secondary projectile base  and the gas  interface a s  well as transmitt ing a 
reflected shock back into the higher density gas  towards the p r imary  pro- 
jectile face,  The net resu l t  is that the secondary projectile experiences a 
s e r i e s  of weaker shock waves compared with the two o r  three strong shock 

This shock m a y  undergo reflections between the 
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w a v e s  experienced in tht. case  of the single-gas accelerator .  
peak base p re s su res  were  observed in two-gas computations compared with 
the single-gas case.  
pr imary projectile were  higher, than in the single-gas case .  
curve of Figure 1 0  shows typical base p re s su res  computed for the two-gas 
acce lera tor ,  for  a projectile msss rat io  Mp/ML equal to ten,  and for  a gas 
mass  ratio MA/M, of ten. Two points a r e  a l so  given a t  MA/M, equal to 15, 
indicating that still g rea t e r  reductions a r e  possible by increasing the value 
of MA/M,* In the l imit  this would lead to a vacuum in the second gas  com- 
partment,  and this possibility is discussed fur ther  in Section 3. 3.1. 

Much lower 

On thc other hand, peak front face p re s su res  a t  the 
The lower 

2 . 4  COMPUTATION METHODS 

Computer programs were  wri t ten to calculate the unsteady gas-  
dynamic operating cycles of the single-gas and two-gas acce lera tors .  
programs were  based on methods developed at ComDev for  the calculation 
of the interior ball ist ics of light gas guns and conventional guns (Reference 2).  

These 

In these programs one - dimens ional particle - diffe rential  equations 
describing the conservation of m a s s ,  momentum and energy a r e  wri t ten in 
finite-difference f o r m  in the Euler ian reference fra.me. These , together 
with the gas equation-of-state, a r e  used to calculate complete solutions of 
the flow and the projectile motions at successive sma l l  t ime intervals.  
accelerator  is divided into a large number of spatial  intervals ,  in each of 
which the g a s  properties a r e  calculated. 

The 

The finite-difference method was carefully tested for  i ts  ability to 
handle accurately the automatic calculation of shock waves. 
the two-gas program is provided with a means fo r  accurately calculating the 
interface between the two gas columns. 
another in any desired manner , including the type of gas and the equation- 
of-state used to descr ibe each gas.  This technique, which is not common 
in Eulerian methods , is described in Reference 3. 
thoroughly tes ted for accuracy and for  the conservation of the sys t em 
momentum and energy. 
forming shock tube calculations for  cases  in which the dr iver  and driven 
gases  were  diss imilar .  

In addition, 

The la t ter  may differ f r o m  one 

The programs were  

The two-gas program was initially tested by per -  

The equation-of-state allows for  molecular co-volume effects and 
This i s  their  variation with the specific local internal energy of the g a s .  

discussed in more  detail in Volume 1 of this repor t  (Reference 1). 
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SECTION 3 

EXPERIMENTS 

3 . 1  INTRODUCTION 

F o r  the development p rogram reported he re ,  the facility was temp- 
orar i ly  installed in a range building at the Space Sciences Division of ComDev. 
A total  of 79 fir ings was made,  of which 64 were  acce lera tor  development 
fir ings.  The acce lera tor  fir ings took place over a period of approximately 
four months (December 1966 to March  1967).  F igures  15 and 16 a r e  photo- 
graphs of the launcher installation at ComDev, and Figure 1 7  shows a sch-  
ematic  diagram of the light gas  gun, acce lera tor  and range tank. The con- 
figuration of the acce lera tor  and its attachment to the muzzle of the light 
gas  gun is depicted in F igure  18. 

The conditions and resu l t s  of the f i r ings a r e  summar ized  in Table 1, 
The firing numbers r e f e r  to ComDev designations. Sheets 1 to 4. 

chronological his tory of each firing is not given here.  
to r ica l  sketch of the fir ing program is given, followed by descriptions of the 
observed t rends and the experiments made to investigate these trends.  
ther  analytical studies were  made in the light of experimental  observations;  
these studies a r e  descr ibed in Section 4. 

A detailed 
Instead, a brief his-  

F u r -  

3 . 2  OUTLINE OF FIRING PROGRAM 

The init ial  s e r i e s  of f ir ings up to firing No. 6 3 3  was made to  deter-  
mine the mos t  suitable light gas  gun operating conditions, to investigate 
the capability of the p r imary  projecti le to shea r  the diaphragm at the acc-  
e le ra tor  entrance without ser iously damaging i tself ,  and to es tabl ish the 
mos t  suitable a r rangement  of the f lash X-ray set up. The following gun 
loading conditions were  retained throughout subsequent fir ings:  

pis ton mass 1300 g m  
gas  loading (hydrogen) 
p r imary  projecti le mass 4 .0  g m  

95 lb/in' abs.  

Charge weight was var ied  to obtain the des i red  p r imary  projecti le velocity. 

Initial acce le ra tor  fir ings (616 and 619) employed plastic secondary 
Polycarbonate 

Break up of 

projecti les having length to diameter (L/D) ra t ios  of 0.4. 
and nylon projecti les were chosen because these materials are known to 
have good res i s tance  to rapidly applied dynamic s t r e s s e s .  

7457/R1 
Volume 2 ,  Section 3 15 



these projecti les was observed,  and plastic projecti les were  discarded in 
favour of shor t  disk-like meta l  projecti les for  the reasons given in Section 4.4. 
The positioning of the X-ray  heads,  shown in F igure  15,  proved unsuitable 
f o r  photographing the shor t  disk,-like projecti les due to lack of contrast ,  and 
the s e t  up was revised af ter  firing 632, 

The X-ray a r rangement  adopted a f te r  f ir ing 632 is shown in the sketch 
A block d iagram of the instrumentation is shown in Figure 19 ( see  below, 

a l so  F igure  17). 

P 

Range Tank \-I- / / Y 

The X-ray  heads were  mounted in a plane at right angles to the line of flight 
and were  pulsed consecutively, according to p re - se t  delays t r iggered  by the 
interrupted-beam muzzle detector,  
chosen fo r  optimum contrast  over a range of possible projecti le ma te r i a l  and 
thicknesses,  
once, which fur ther  aided contrast ,  Back up signals to a id  in the accurate  
determination of projectile velocities were  provided by a paper chronocard 
detector,  which was mounted on the downrange side of a thin replaceable 
aluminum bulkhead so that no signal was possible until the bulkhead was 
perforated by the projectile; and by a light detecting diode viewing the target  
a r e a  which provided a history of the light intensity caused by the impact on 
the target ,  

The X-ray  voltage and the f i l ter  were  

In addition each s t r i p  of film in the casset te  was exposed only 
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Good X-ray resu l t s  were obtained in fir ings 634 to 637, as shown in 
Figures  20 to 23. 
ra t io  was 0.05, and which weighed 0.22 gm. 
accelerator  was chosen so that MG/ML = 0.35. 
that  this value would minimize the peak base p re s su res  experienced by the 
projecti le,  as shown in Figure 10. 
was 4.75 inches longf and the launch tube was 4.5 inches long. Good per -  
formance was obtained, in that,  although the pr imary  velocity was increas-  
ed  steadily f r o m  11,800 feet /second to 17,750 feet /second,  the secondary 
velocity was consistently about 50 percent higher,  giving a near-constant 
velocity multiplication factor  of 1 . 5. Fai lure  of the secondary projecti le 
occurred in fir ing 638; gouging of the compression tube wall  at the accel-  
e r a to r  entrance and seve re  damage to the p r imary  projectile was a l so  ob- 
served on this firing. At the t ime it was not c l ea r  whether o r  not the goug- 
ing damage had contributed to the failure of the secondary projectile. 

These fir ings employed aluminum projecti les whose L / D  
The m a s s  of helium gas  in the 

Analytical work suggested 

The compression tube of the acce lera tor  

Accelerator  theory s ta ted that the velocity multiplication factor  would 
be improved by increasing the projectile m a s s  ra t io  Mp/ML. It was not 
practicable to increase the pr imary  projectile m a s s ,  and so the mass of 
the secondary projectile was reduced by using shor t e r  aluminum disks. 
Project i les  having L / D  rat ios  of 0,025 to 0.040 were  employed without 
success  in fir ings 642, 643 and 646. At l a t e r  s tages  of the program, as 
improvements were  made to the operating cycle of the acce lera tor ,  pro- 
jecti les having an  L / D  ra t io  of 0.025 were f i red  f r o m  time to t ime but in- 
tact  projecti les were  never achieved. Possible reasons f o r  these fai lures  
a r e  diecussed in Section 4.3 

F o r  fir ing 648 a longer compression tube was introduced, This com- 
pression tube was about twice as  long a s  that used in previous f i r ings ,  and 
measu red  8.4 inches (the launch tube length was not altered).  The purpose 
of thie change was to lower the peak p res su res  experienced by the secondary 
projectile. Accelerator  analysis showed that p re s su res  in the acce lera tor  
a r e  approximately inversely proportional to the compression tube length. 
It wae thus poseible to determine if a reduction in base p re s su res  would 
enable the acce lera tor  performance to be extended beyond that achieved in 
firing 637. 
4.1, it was real ized that this might be due to the fact  that the peak base 
p re s su re  was being experienced by the secondary projectile af ter  it had 
moved some distance down the launch tube, by which time i t  might have 
become elightly misaligned, 
shock wave a t  this point might tend to dr ive the secondary projectile against 
the launch tube wall  causing it to break up. 
experimentally two approaches were  adopted: 

In fact  little euccess was obtained, and, as discussed in Section 

It was thought that the a r r i v a l  of a strong 

To investigate this hypothesis 
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APPROACH (a). 

APPROACH (b)  a 

Employ conditions in the single-gas 
acce lera tor  s o  that high base p re s su res  
a r e  experienced by the secondary pro- 
jecti le only at the s t a r t  of projectile 
motion. 

Use the concept of the two-gas accel-  
e r a to r  to develop an operating cycle 
in which relatively low base p r e s s u r e s  
a r e  maintained throughout the projecti le 
t rave 1 e 

Approach (a) and Approach (b) a r e  discussed fur ther  in  Section 4.1. 

APPROACH (a). 
gas  which satisfied the rat io  

Approach (a) led to the choice of a mass of loading 

Initial f ir ings gave multiplication fac tors  which were  surpr is ingly low, al- 
though the secondary projecti le was in excellent condition in each case.  At 
f i r s t  it was thought that  this was caused by heat l o s s  f r o m  the gas ,  but r e -  
placement of the helium by much cooler hydrogen gas  gave the same  result .  
It was eventually found that gasdynamic computer runs had underestimated 
the required launch tube length. 
c r z a s e d  to  about 9 . 0  inches; this necessitated lengthening the dump tank to 
accommodate the l a rge r  accelerator .  
velocity multiplication of over 1 5 to  be achieved, as  anticipated; secondary 
velocity increased  to over 2 9 , 0 0 0  feet /second (firing 676). 

The launch tube length was therefore in- 

The longer launch tube enables a 

During the above f i r ings,  it was decided to introduce a small amount 
of hydrogen into the b a r r e l  of the light gas gun in an  attempt to eliminate 
gouging at the acce lera tor  entrance,  which had continued to be a problem. 
The reasons for  this choice a r e  given in Section 4.4.  
su re  of 75 mm of mercu ry  was admitted to the evacuated and sea led  ba r re l .  
Adoption of this measu re  completely eliminated gouging and was used on all 
single-gas acce lera tor  fir ings af ter  652. The use of a contoured front  face 
on the pr imary  projecti le was a l so  shelved when the elimination of gouging 
had been established. 
performed well  and had good resis tance to break-up. 

Hydrogen at a pres-  

It was found that a simple flat faced cylindrical  shape 

Extension of the performance to higher velocities , by increasing 
p r imary  projectile velocity, was hampered by the appearance of difficulties 
with projecti le re lease.  On some firings it was noticed that secondary pro-  
jectile fa i lure  was accompanied by slight damage at the entrance to the launch 
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tube, indicating that the projectile had sheared  improperly.  
firings were  therefore  devoted to studying the mos t  suitable shea r  mech- 
an i sm for  releasing the projectile. 
led to the choice of a partially cut shear  flange, as sketched below. 

A number of 

These f i r ings,  described in Section 3.3.3,  

During the re lease  tes t s  an interesting resu l t  was incidentally achieved 
when investigating the method sketched below, in which a thin Mylar dia- 
phragm supported the gas  p re s su re  and the projecti le was positioned against  
it on the gas  loading side. 

This method was employed because of the difficulty of obtaining a strong 
bond between Mylar and aluminum. In theory the method provided a means 
of ensuring that the projecti le was undeflected by the loading gas ,  thus pre-  
senting a plane surface at the a r r i v a l  of the f irst  and s t rongest  shock wave. 
The desirabil i ty of this s ta te  of affairs is discussed in Section 4.3. In the 
firing the projectile was observed to have broken into small f ragments  hav- 
ing ve ry  low velocity. 
apparently intact and travelling well  in f ront  of the secondary projecti le de- 
b r i s .  The t ime between picture and the impact chronograph signal gave the 
Mylar diaphragm a velocity approaching 55,000 feet/second. 

The Mylar diaphragm was observed on one X-ray ,  

As was mentioned e a r l i e r ,  f r o m  t ime to t ime f i r ings were  made with 
the shor te r  0.025 inch aluminum projecti le,  to  determine if increased vel-  
ocity multiplication could be achieved by increasing the projectile mass rat io  
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Mp/ML ( f rom about 1 8 - 0  to approximately 35.0). 
ject i les  were  not achieved, which appeared surpr is ing in view of the r e -  
latively low base  p re s su res  experienced by this projectile ( s ee  Section 3 .3 ,4) .  
Because of this ,  two firings were  made employing longer aluminum pro-  
jecti les having L / D  rat ios  of 0.08 and 0,1,  The purpose was to see  if there  
was a t rend  of increasing base p re s su re  capability with increasing projecti le 
length; and i f ,  as a resu l t ,  increased length would lead to a bet ter  chance of 
achieving high performance quickly. Intact projecti les were  achieved, but 
velocity multiplication was relatively lower than fo r  the normally used pro-  
jecti le (L/D = 0.05), as anticipated. The peak p res su re  sustained by the 
projecti les was relatively high; being over 700 ,000  lb/in2 in one c a s e ,  o r  
near ly  twice the value at which the normally-used projectile had been ob- 
se rved  to break up, 
is not the major  factor causing damage, and that there must  be some addit- 
ional mechanism to account for  the fai lure  of the shor te r  projecti les a t  re l -  
atively lower peak base pressures .  

Intact secondary pro- 

This lent strong support  to the view that p re s su re  alone 

In o rde r  to increase projectile length while retaining the projecti le 
m a s s  ra t io  of 18 ,0 ,  magnesium projecti les were  constructed having a 
value of L / D  equal to 0,08, 
firing program was terminated,  a t  which t ime performance was similar to 
that achieved by the normally-used aluminum projectile in that muzzle 
velocities up to and slightly exceeding 30, 000 feet /second,  with velocity 
multiplication factors  of about 1 5, were  achieved. 

Only a few firings were  possible before the 

The validity of Approach (a) was tes ted f r o m  time to  t ime during the 
fir ing programs This was done because it was felt  that the trends observed 
ea r l i e r  in the program might have become invalid as improvements,  such 
as the optimization of projecti le r e l ease ,  were  incorporated. 
MG /hiL, which were  used, ranged between 0 , 1 5  and 0 .4 .  
secondary projectile break-up resul ted,  and it was concluded that the approach 
was  valid. 

Values of 
In every  case  

APPROACH (b). Due to the t ime scale  of the program only a few 
firings were  possible for the investigation of Approach (b). 
e r a t o r  f i r ings utilized the b a r r e l  of the light gas gun as the acce lera tor  
compression tube, as descr ibed in Section 3.3.8. 
made,  which were  insufficient to determine sat isfactory operating con- 
ditions 

Two-gas accel-  

Only five fir ings were  

By far the majori ty  of acce lera tor  f i r ings employed the single-gas 
acce lera tor  concept; only five two-gas acce lera tor  fir ings were  made. 
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The following subsections re fer  to single-gas f i r ings ,  with the exception of 
Section 3.3.8. 

3.3.1 CHOICE O F  PARAMETERS Mp/ML, MG/M, 

The mass of the pr imary  projecti le,  Mp, was chosen as the heaviest  
mass which could conveniently be launched by the light g a s  gun to a velocity 
of 20,000 feet/second o r  slightly above, 
as close to 20 as possible, a s  accelerator  theory indicated that good per -  
formance should resu l t  at this value. 
18.0) resulted f r o m  the use  of a stock aluminum shee t  s ize  when manufactur- 
ing the disk-like aluminum projectile. 

F o r  most  f i r ings,  Mp/ML was chosen 

The actual value used (approximately 

No quantitative experimental  t rend was observed fo r  the dependence 
of accelerator  performance on variations in Mp/ML. A performance drop 
was however observed when Mp/ML was reduced to  11.0 in f i r ing 695; the 
velocity multiplication factor dropped to 1.23 compared with a value of about 
1.5 at Mp/M, = 18,O. 
about 35 were made employing shor t  aluminum secondary projecti les , but 
broken-up projectiles were consistently observed (see  Section 4.3 fo r  a 
dis cus s ion of the s e fa i lures  ) 

Fir ings  at higher values of Mp/ML up to a value of 

The mass of g a s ,  Mar was initially chosen to satisfy the relation- 
s hip 

This value was chosen to provide a close-to-minimum value of the peak 
base pressure  experienced by the secondary projecti le,  and was taken f rom 
the theoretical  curve shown in Figure 10, Good performance was achieved 
for pr imary  velocities up to 17,800 feet/second (firings 634 through 637). 
F o r  higher performance it was found necessary to use a value of MG/ML 
such that 

AS described in Section 4 , 1 ,  this value was chosen in order  to concentrate 
the peak base p re s su re  at the start of projecti le travel. 
perimentally that this permitted the launching of intact secondary projecti les 
for pr imary  projectile velocities up to 20 ,  000 feet/second, 

It was found ex- 

The choice of the value Mc/M, = 0 ,8  appeared to be valid, as attempts 
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were made f r o m  time to t ime during the firing program to achieve higher 
performance than that of firing 637, with the value of M G / M ~  var ied  between 
0,15 and Oe4 (fir ings 645, 648, 649, 654, 657, 661, 663, 684), These f i r -  
ings were  not successful.  

3 , 3 , 2  VELOCITY MULTIPLICATION FACTOR 

A cr i t ica l  aspec t  of the constant-area acce lera tor  development has 
been the need to determine how the velocity multiplication factor var ies  as 
p r imary  velocity is increased. Accelerator  theory s ta tes  that ,  in the ab- 
sence of heat l o s ses ,  the multiplication factor should be independent of 
p r imary  velocity, however in pract ice  one would expect that  it should fall 
off somewhat since losses  should increase as the pr imary  velocity is in- 
creased.  Figure 24 shows the observed t rend fo r  fir ings at M G / R I ~  = 0.35 
(fir ings 634 to 637) and Mo/ML = 0.8 (fir ings 676, 681, 704, 706, 707 and 
716), F o r  a lmost  all of these f i r ings,  which represent  the highest multi-  
plication factors  which were  confirmed, the values lie between 1.45 and 1 e 6. 
Over this pr imary  velocity range there  appears  to be l i t t le tendency for  the 
factors  to become reduced with increasing p r imary  velocity. This empha- 
s izes  the potential of the acce lera tor  technique. 

F o r  fir ings at M,/ML = 18-0  and MG/ML = 0 , 8 ,  it was found experi-  
mentally that it was necessary  to increase the launch tube length, over that 
which was considered adequate f r o m  theoretical  s tudies ,  in o r d e r  to achieve 
satisfactory performance. Possible reasons a r e  discussed in Section 3.4.2. 
The effect of launch tube length is shown in Figure 25. 
shor te r  launch tube a r e  f r o m  firings 649, 650, 652 and 653; fir ings which 
employed the longer launch tube were  676,  681, 704, 706, 707 and 716, 
Fur ther  increases  in launch tube length were  not explored. 

The resu l t s  for  the 

No variation of velocity multiplication factor with change in MG/ML 
was observed. 
18 ,0 ,  in which intact  secondary projecti les were  achieved., 
the secondary projecti le was damaged, although essentially intact ,  a r e  plotted 
with a solid c i rc le ,  Al l  the resu l t s  l ie below the theoretical  curve,  which 
was obtained by c r o s s  plotting the resul ts  shown in Figure 7 ,  however the 
resul ts  for  the longer launch tube at M G / M ~  = 0.8 a r e  low in muzzle velocity 
by only 5 to 15 percent  compared with the theoretical  computations. 

Figure 26  shows the factors  obtained in all fir ings at M,/ML = 
Fir ings in which 

3 , 3 , 3  METHOD O F  PROJECTILE RELEASE 

A number of fir ings were  devoted to the investigation of a number of 
alternative methods of projectile re lease.  The need f o r  such tes t s  became 

7457/R1 
Volume 2 ,  Section 3 22 



apparent  when it was noticed in some firings (e,  g. firing 683) that projectile 
re lease  was leading to damage to the entrance of the acce lera tor  launch tube, 
and apparently a l so  was causing damage to the secondary projectile. The 
re lease  tes t s  were  made on firings 693, 694, 700, 701, 704, 715, 716 and 
717; and examined the following alternatives.  

Configuration (a) was investigated for  two thicknesses of res idual  
mater ia l ;  0.006 inch and 0.003 inch, 
a thin Kaptondiaphragm bonded to the aluminum, and Argon gas was employ- 
ed  to reduce the loading p res su re  to l e s s  than 60 lb/ina. 
utilized an unbonded Mylar diaphragm placed forward  of the aluminum pro- 
jecti le.  
projectile would be somewhat l e s s  than bore s ize .  Configuration ( e )  employed 
a thin undercut flange, s o  that a substantial  portion of the projecti le was 
inser ted into the launch tube, thus assuring a clean entry of the front face.  

Configuration (b)  was tes ted using 

Configuration (c )  

In configuration (d)  the undercuts were  dimensionedso that the shea red  
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Sn configuration ( f )  a n  evacuated compartment was employed because the 
loading gas  and the projecti le,  similar to the concept considered in theoret ical  
studies of the two-gas acce lera tor  (Section 4. l ) ,  
Compartment was for  convenience made relatively short;  the pr imary  purpose 
was to enable the projectile to be placed freely in the launch tube and thereby 
avoid the initial deflection by the loading gas.  A similar purpose was intended 
in configuration (g)9 however in this case  the projectile was surrounded by gas  
at the loading pressure .  It was intended that during its initial accelerat ion 
the projectile would drive a shock wave ahead of it to shea r  the diaphragm, 
thereby permitting the gas  ahead of the projectile to escape. 
( f )  and (g) were  tes ted at the close of the firing program. 

F o r  the re lease  tes t  the 

Configurations 

Configuration (e) proved to be the most  sat isfactory of the first four  

An apparently successful  t e s t  with ( f )  was 
months. A 0,012 inch thick flange was employed, undercut to 0.003 inch on 
the diameter of the launch tube. 
made in firing 716; however fur ther  development was unfortunately not pos- 
s ible II 

3 , 3 , 4  EFFECTS O F  PROJECTILE LENGTH 

Initial f ir ings (616 and 619) employed plastic projecti les whose L / D  
rat io  was 0,4,  Fragmentation of these projecti les was observed, and con- 
s iderat ion of the unsteady s t r e s s  propagation caused by gasdynamic shock 
waves arr iving at the base of the projecti les led to the view that the break-up 
was caused by a spall-like fai lure  mechanism ( see  Section 4.3. 1 for  a dis- 
cussion of this projecti le fa i lure  mode). 
projecti les for  subsequent fir ings e 

. 

This led to the choice of shor t  metal 

There  was much that was baffling about the fai lures  which were  ob- 
served  of shor t  projecti les,  Typically, projecti les were  launched in ex- 
cellent condition a s  pr imary  projecti le velocity was increased,  until the 
point was reached where a fur ther  small increment  in p r imary  velocity 
would cause severe  damage to the secondary projectile. 
the condition causing fai lure  was reached abruptly, without any indication 
of increasing projecti le deformity as the condition was approached, 
phenomenon which was observed in X-ray photographs was that mos t  intact 
projecti les were  slightly "dished" in shape, and normally were  dished s o  
as to be concave on the front face,  which is the r eve r se  of that which would 
have been anticipated assuming that the projecti le had been subjected to wall 
friction, Fu r the rmore ,  i t  was found that there  was a strong dependency 
between the peak base p re s su res  at which projecti le failures occurred,  and 
the length of the projectile. The shor tes t  projecti les f i red  ( L / D  = 0. 025) 
were  unsuccessful even though their  peak base p re s su res  were  relatively 
low (150,000 lb/in" o r  lower). 

In other words ,  

Another 

At the other ex t reme,  the longest disk-like 
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projecti les ( L / D  = 0 , l )  were  able to withstand a peak base p re s su re  in the 
neighbourhood of 750,000 lb/ina. 
The upper point on this curve is taken f r o m  resul ts  mentioned by Moore 
for magnesium-lithium alloy (Reference 4). 

This dependency is depicted in Figure 27.  

I 
4 ( 

Possible reasons for  the above anomalies a r e  discussed in Section 
4.3.2.  

1 

3 . 3 . 5  ELIMINATION O F  ACCELERATOR GOUGING 

The ea r l i e r  acce lera tor  fir ings were  troubled by gouging of the com- 
pression tube ma te r i a l  at the acce lera tor  entrance; apparently caused by 
a combination of high tempera tures  and p res su res  when the Mylar diaphragm 
was ruptured by the p r imary  projecti le (see Section 4.4). A small amount 
of hydrogen gas was introduced into the b a r r e l  of the light gas gun in firing 
653, as indicated in the sketch: 

The mass of hydrogen was negligible compared with the mass of the accel-  
e r a to r  loading gas.  
problem and was used on subsequent fir ings.  

This procedure was found to eliminate the gouging 

3.3.6 ACCELERATOR GEOMETRY 

Two f i r ings ,  664 and 670, utilized the b a r r e l  of the light gas gun a s  
the compression tube of the acce lera tor ,  as shown in the sketch below. 
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As explained in Section 4 , 5 ,  the main  intention was to reduce the severi ty  
of shock waves which a r e  t ransmit ted to the projectile base. P re - t r igge r  
of the muzzle-detector in each c a s e  prevented a positive velocity measu re -  
ment ,  however it appeared that the performance was low. The highest per -  
formances were  achieved with the acce lera tor  geometry indicated in the 
following sketch. 

Aluminum or Magnesium 

3 , 3 , 7  ACCELERATOR RE-USABILITY 

Although it was originally intended that the acce lera tor  would be a 

The high gas  
relatively inexpensive disposable i tem,  it was found in practice that it was 
possible to r e -use  the acce lera tor  components extensively. 
p re s su res  which occurred  in the acce lera tors  were  apparently of sufficiently 
s h o r t  duration that in mos t  cases  no permanent deformation resulted. Ex- 
ceptions to this were  fir ings 692 and 695, in which p res su res  up to approxi- 
mately 750,000 lb/ina caused seve re  bulging near  the compression tube and 
launch tube interface, 
ea r l i e r  f i r ings,  and in a few of the la te r  f ir ings poor projecti le re lease  gave 
r i s e  to damage at the launch tube entrance,  

Severe damage was a l so  caused by gouging in the 

Acce lera tors  employed in the later s tages  of the firing program had 
a hardened bushing at the launch tube entrance.  
acce le ra tor  components was made between f i r ings,  including careful  honing, 
and normally the replacement of the bushing at the launch tube entrance.  

Extensive dressing of the 

3 .3 ,8  TWO-GAS ACCELERATOR F16RINGS 

Two-gas accelerator  fir ings were  intended to explore the possibility 
of finding a means whereby, for  a given p r imary  velocity, base  p re s su res  
at the secondary projecti le may be substantially reduced compared with those 
experienced in the single-gas acce lera tor  ( see  a l so  Section 4 , l ) .  
f ir ings were  made to investigate the two-gas concept; these were  f i r ings 
665, 669, 677, 682 and 686, Largely because of the res t r ic ted  dump tube 

Only five 
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length, the b a r r e l  of the light gas  gun was employed as the f i r s t  gas  com-  
partment containing the g rea t e r  miass of gas ,  as shown in the sketch below. 

This a r rangement  was considered to have some possible advantages, which 
a r e  discussed in Section 4.5.  
10.0 and the value MG/M, was var ied  between 0.5 and 0.12. Insufficient 
experience was gained to develop the method, and the technique had to be 
shelved due to lack of t ime. 
therefore not yet been explored. 

The gas  mass ratio MA/M, was s e t  equal to 

The potential value of the two-gas method has 

3 . 3 . 9  LIGHT GAS GUN PERFORMANCE 

The design of the light g a s  gun which was used as the p r imary  pro-  
jecti le launcher for  the constant a r e a  acce lera tor  fir ings is descr ibed in 
Reference 1. 
piston mass, loading p res su re  and p r imary  projecti le mass. P r i m a r y  pro-  
jecti le velocity is plotted as a function of measured  piston velocity in Figure 
28; piston velocity ve r sus  charge weight is plotted in Figure 29. 
gun proved to be simple to operate under these conditions, and four fir ings 
in a single day were  often achieved. 
caused the firing p rogram to be terminated slightly prematurely.  

As  mentioned in Section 3 . 2  mos t  fir ings were  made with fixed 

The gas 

Damage to the gun b a r r e l  eventually 
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ANALYSIS FROM EXPERIMENTS 

4 . 1  CHOICE OF TWO EXPERIMENTAL APPROACHES 

E a r l i e r  single-gas acce lera tor  f i r ings employed a value of Mc/ML 
which, according to theoretical  considerations,  minimized the peak base 
p re s su re  experienced at the secondary projectile. 
0.35) meant  that the peak base p re s su re  coincided with the a r r i v a l  of the 
second o r  third shock wave a t  the projecti le base ,  as shown in the r ep re -  
sentative base p re s su res  sketched in F igure  12. It was fe l t  that this fact  
may  have contributed to ear ly  projecti le fa i lures ,  because there  might have 
been a tendency for  the projecti le to rotate slightly in the launch tube dur-  
ing its initial t ravel ,  thereby presenting an  inclined r e a r  face to the a r r i v a l  
of the main shock wave. 

The value used (MG/ML = 

Reference to F igure  12  shows that for  MG/ML = 1.0 ,  the peak base 
p re s su re  is experienced at the a r r i v a l  of the first shock wave. 
indicates that fo r  values of MG/ML var ied  between 0.25 and 0.8 approxi- 
mately there  is l i t t le change in the magnitude of the peak base pressure .  
Thus it was decided that a bet ter  choice for  the value of MG/M, would be 
0.8,  so  that maximum base p re s su re  was experienced at the a r r i v a l  of the 
first shock wave, while at the same  t ime the magnitude of the peak base 
p re s su re  was minimized. 
justified. It was therefore  adopted as one of two promising approaches 
fo r  extending the performance of the accelerator .  
r e f e r r e d  to as Approach ( a )  in Section 3 . 2 .  

Figure  10 

This choice appeared to be experimentally 

The above approach is 

The alternative approach was the utilization of the two-gas acce lera tor  
concept. 
dicated that there  might be no performance advantage over the single-gas 
acce lera tor ,  it was found in unsteady gasdynamic computations that a con- 
siderable reduction in base p re s su res  would be achieved. 
thought that  it might be possible to eliminate the a r r i v a l  of shock waves at 
the projectile base ,  by evacuating the compartment  which normally would 
contain the second gas.  After rupture of the second diaphragm, a n  escape 
front  will  proceed toward the secondary projectile. 
experience a relatively gradual p re s su re  r i s e  during its initial t rave l ,  
ra ther  than a s e r i e s  of shock waves. 
were  made,  using the two-gas computer program modified to handle the 
escape front. Although optimized conditions were  not explored, peak base 
p re s su res  could be reduced below the values plotted fo r  MA/M, = 15 in 
Figure 10. 

Although analysis of the two-gas acce lera tor  performance in- 

It was fur ther  

The projecti le may  thus 

A limited number of computer runs 
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F o r  the above reasons it was decided to investigate the two-gas ac -  
This approach is r e -  ce le ra tor  as a means for  achieving high velocities. 

f e r r e d  to as Approach ( b )  in Section 3.2, 

4.2 LAUNCH TU 

Initial f ir ings at MG/ML = 0.8 gave disappointingly low velocity multi-  
plication factors  in the neighbourhood of 1.25. 
t ransfer  f r o m  the gas was ruled out as a source  of the performance drop,  
by the fac t  that similar performance was achieved with hydrogen and helium, 
although the la t ter  g a s  gives r i s e  to much higher operating temperatures .  
The launch tube length, which was approximately half as long as the com- 
press ion  tube in the above f i r ings,  was l e s s  long than would be suggested 
by Figure 9. 
the computed base p re s su re  curve shown in F igure  11. 

Energy loss  due to heat 

Its length was nevertheless considered adequate, based on 

It was real ized that a n  e r r o r  in computing the position of the second 
shock wave could occur due to uncertainty in such factors  as the gas co- 
volume, and contamination; and that experimental  la teness  of this shock wave 
would lead to performance degradation. Accordingly, it was decided to 
increase the launch tube length to nine inches,  o r  approximately equal to 
the compression tube length (8 ,4  inches). 
multiplication factor considerably and it was inferred that the above dia- 
gnosis was cor rec t .  

This improved the velocity 

The most  important problem which has prevented development of 
the accelerator  to high velocities has been the lack of understanding of the 
mechanics  of the secondary projecti le failure.  
has  shown clear ly  that high p res su re  alone is not the principal factor which 
governs fai lure ,  The solution to the problem l ies  in the understanding of 
the complex unsteady wave motions which a r e  s e t  up in the projectile (and 
a l so  in the gas and the launch tube walls) .  It is shown below that,  if pro-  
jecti les a r e  sufficiently long, failure may  occur in the f o r m  of spall-like 
tensile f r ac tu res ,  and this has been observed experimentally with plastic 
projecti les.  
lead to ser ious  problems, 
aluminum disks have failed consistently for  base p re s su res  as low as 
150,000 l b / i  
in excess  of 7 and was launched in excellent condition, A 
discussion of possible fa i lure  modes of long and shor t  projecti les is given 
in the succeeding subsections, 

Experimental  evidence 

On the other hand, it appears  that  v e r y  shor t  projecti les can 
Experimental  f ir ings with 0.025 cal ibre  long 

cal ibre  projecti le has survived a base  p re s su re  
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4.3.1 FAILURE O F  LONG PROJECTILE 

A one-dimensional view of the wave propagation of a projecti le ac -  
celerating under the influence of a gas  shock wave arr iving a t  its base leads 
to the following simplified wave diagram. 

1 E 

' / I  

- 

DISTANCE 
I I 

Initial Projectile 
Posit ion 

The initial compressive wave in the projecti le ma te r i a l  reflects f r o m  the 
f ront  face as a tensile wave of equal and opposite magnitude, and brings 
the s t r e s s  in the projecti le to z e r o  if no external  influences a r e  present  in 
the gas.  If, however, a strong forward propagating rarefaction is present  
in the gas ,  this will  r eac t  with the wave sys t em in the projecti le to produce 
tensile s t r e s s e s .  
by the decelerating p r imary  projectile*. By shortening the projecti le,  and 
employing a mater ia l  with high wave speed, it is possible to reduce the 
t rans i t  t ime and hence limit the magnitude of the tensile s t r e s s e s .  

Such a forward propagating rarefact ion would be produced 

* Tensile failure of the pr imary  projectile is observed on most  f ir ings.  
In this case  the required backward propagating rarefaction wave is 
provided by the accelerating projectile. 
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Computer studies reported in Reference 5 showed that the launch 
tube wall  effects modify this picture considerably,  and for  the long pro- 
jecti les (over one ca l ibre)  considered there  was a tendency to reduce tensile 
s t r e s s e s ,  It is not known what the wall  effects a r e  for  shor t  projecti les.  

4 .3 ,2  FAILURE O F  SHORT PROJECTILES 

A number of possible modes of failure of the shor t  disk-like pro- 
The mos t  jecti les has been considered during the present  investigation. 

obvious is the possibility that  the projecti le will become misaligned during 
its t rave l ,  which might cause it to impinge on the acce lera tor  wal l  upon 
the a r r i v a l  of a strong shock wave, This possibility led to the adoption 
of a n  acce lera tor  operating cycle which concentrated peak p res su re  at the 
start of motion. 

A second possibility is that the mechanics of the projecti le re lease  
can  lead to failure. Initially the projectile mus t  be supported against the 
acce lera tor  gas loading p res su re ,  which usually is in the range 600 to  
1100 lb/inae Experimental  evidence indicated that the re lease  of the pro-  
jectile was a source  of difficulty and a number of fir ings were  made in an 
attempt to overcome this problem, 
Section 3,3,3, 

These fir ings a r e  descr ibed in 

The leas t  understood aspect  of the fai lure  of the sho r t  projecti les 
is the experimental  fac t  that, as the disk length is reduced, s o  also is 
the peak base p re s su re  which it can  withstand, 
been considered a re :  

Possible a r e a s  which have 

(a) Effect of initial surface finish 

(b)  Effect of initial s ta t ic  deflection under 
acce lera tor  loading p r e s s u r e  

(c) Effect of dynamic flexing due to the wave 
sys t em in the projecti le 

Possibility (a) received close attention when it was real ized that minor  
scra tches  o r  imperfections were  much m o r e  ser ious  in the c a s e  of the v e r y  
shor t  0.025 L/D projecti les.  C a r e  in preserving surface finish did not 
resul t  in any experimental  improvement. Possibil i ty (b) arises because of 
the great ly  increased tendency of a diaphragm to deflect as its thickness is 
reduced* 
as compared with the 0.050 L / D  projecti le,  even though the loading p res -  
su re  is halved, 

The deflection increases  fourfold for  the 0.025 L/D projecti le 

This deflection will  affect  the initial passage of the f irst  
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compression wave through the projectile. 
the gas dynamic shock wave will  a r r i v e  a t  the outer c i rcumference first  
and will compress  this material and start it in motion. 

As indicated in the sketch blow, 

This would have the effect of accelerating the outer ma te r i a l  in advance 
of the cent re  of the projecti le,  and m a y  help to explain the reason  why, in 
many f i r ings ,  the projecti le has been observed to be dished "the wrong way" 
after launch; that  is, it is concave on the front  face. In the c a s e  of the 
0.025 L / D  projecti le,  the situation is s o  ex t reme that the compression wave 
can  pass through the projectile at the circumference and reflect  f r o m  the 
forward face,  before the gas  shock wave is felt at the centre  of the projectile. 

Possibil i ty ( c )  a r i s e s  f r o m  the unsteady wave sys t em existing in the 
projectile during the initial acceleration, as indicated in the sketch below. 

Compressed Material 

Flexure due to Radial Strain 
Compression Wave 

Accelerator 
Launch Tube 

I I 

Passage of the compression waves may  cause the projecti le to undergo flex- 
ing oscillations. 
effects a r e  present  at the circumference,  
a l so  provide an explanation for  the r eve r se  dishing which is observed. 

The situation will  be very  complicated, especially if wall  
If such flexing occurs  this may 

A 
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computer program was writ ten to simulate the flexing mode, in which the 
s t r e s s  propagation equations were  expressed  in a finite-difference form.  
The object was to gain some insight into possible failure-producing mech- 
an isms ,  
p rogram was shelved due to lack of time. 

Unfortunately some stabil i ty difficulties were  encountered and the 

OFACCELERATORGOUGING 

In ea r l i e r  f ir ings a f o r m  of gouging damage was often experienced 
a t  the entrance to the acce lera tor  at the diaphragm position, apparently 
caused by the entry of the p r imary  projectile. 
s u r e  was left fa i r ly  high (2400 microns  o r  m o r e ) ,  in an  at tempt  to introduce 
cushioning air into the b a r r e l ,  which was evacuated to range pressure .  
spite of this ,  some gouging damage pers is ted.  
gouging was not c l e a r ,  because in some cases  it appeared that s eve re  
p re s su re  between the p r imary  projectile and the acce lera tor  wall  had 
pushed accelerator  ma te r i a l  forward ,  whereas  in other cases  the 'gouging I 
took the f o r m  of pitting o r  gas wash, 
generated in the cushion of air ahead of the p r imary  projecti le,  might have 
been a major  contributory factor .  
offer a chance of overcoming this difficulty, since fo r  a given internal 
energy hydrogen is ve ry  much cooler than air. Calculations indicated that 
hydrogen at a p r e s s u r e  75 mm would provide an  effective gas cushion with- 
out slowing the p r imary  projectile unduly, This measu re  was adopted, and 
was found to eliminate this f o r m  of gouging. 

In some f i r ings range p res -  

In 
The pr imary  case  of the 

It was strongly suspected that heat,  

It was reasoned that hydrogen would 

4 .5  GAS G U N  L A S  COMPR 

In all two-gas acce lera tor  f i r ings,  the b a r r e l  of the light gas gun was 
utilized as the f irst  gas  compartment ,  containing the l a rge r  mass of gas ,  
Besides convenience, the method was thought to have the following advantages 
F i r s t ,  there  is l e s s  chance of possible leakage of the loading gas  f r o m  the 
acce lera tor  a f te r  loading but pr ior  to firing. Third and perhaps most  im- 
portant,  the compression in the gas gun b a r r e l  heats the gas to very  high 
temperatures  and as a resu l t  it may be possible to reduce the severi ty  of 
the shock waves which a r e  t ransmit ted to the projectile base. 
of this method include the fac t  that  the actual p re s su re  his tory on the base 
of the projectile is difficult to predict ,  and as a resu l t  an  adequate launch tube 
length is hard  to choose, 

Disadvantages 

Computer runs were  made with a modified program developed to 
handle the acceleration of the p r imary  projectile in the gun ba r re l .  
were  used to investigate the compression of helium and hydrogen g a s  and 

These 
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determine the point a t  which the secondary projecti le o r  diaphragm re leases .  
These runs indicated that, using typical m a s s e s  of hydrogen g a s ,  re lease  
would occur when the pr imary  projectile was within one foot of the projecti le 
o r  diaphragm. In actual practice the separation will  be different, since 
uniform accelerat ion of the projectile was assumed,  however the method 
appeared sufficiently promising to f o r m  the basis  of a number of exploratory 
fir ings.  
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SECTION 5 

DlSCUSSlONS AND CONCLUSIONS 

5. I ACCELERATOR PERFORMANCE 

B e s t  performances,  in terms of secondary projecti le velocity and 
velocity multiplication fac tor ,  were  achieved by the single -gas acce lera tor  
employing a projecti le mass ra t io  M,/M, of 18.0; and a rat io  of gas  mass 
to secondary projecti le m a s s ,  MG/ML, equal to 0.8. Secondary velocities 
of over 30 ,000  feet /second were  achieved f r o m  p r imary  velocit ies slightly 
under 20,000 feet/second. 

Perhaps  the m o s t  encouraging aspect  of the acce lera tor  performance 
has  been the fact  that the velocity multiplication fac tors  have shown li t t le 
tendency to  decrease  over  the range of p r imary  velocities which was in- 
vestigated. 
energy lo s ses  have not been restr ic t ive.  
used, the secondary velocity was only f r o m  five to fifteen percent below 
the theoretically predicted values. 
i s  capable of much higher performance with higher p r imary  projecti le 
velocities. 

This ag rees  with the acce lera tor  theory and indicates that  
At the highest p r imary  velocities 

It is c l ea r  that  the acce lera tor  concept 

F o r  reasons outlined e a r l i e r ,  disk-like me ta l  secondary projecti les 
(most ly  aluminum) were  employed to achieve the des i red  high values of the 
ra t io  M,/ML, which is the ma jo r  parameter  governing acce lera tor  perfor-  
mance. 
ous fai lure  charac te r i s t ics  of the projecti les under the high base p re s su res  
applied in the acce lera tor ,  
below, 
fac tors  by increasing Mp/ML (i. e. reducing ML); because the thinner disks 
which were  entailed exhibited g rea t e r  fragil i ty,  even though base p re s su res  
were  reduced in proportion to the projectile mass. 

The attainment of higher performance was res t r ic ted  by the anomal- 

These charac te r i s t ics  a r e  fur ther  discussed 
In par t icular  it was not possible to  achieve higher multiplication 

Increased  performance capability probably would have resul ted if 
longer acce lera tors  had been employed, thereby reducing base p re s su re  
levels,  This would, however, have entailed fur ther  lengthening of the 
dump tank, which was undesirable due to  space limitations. 

Theoret ical  studies of the two-gas acce lera tor  suggested that this 
concept offered a means of great ly  reducing base  p re s su res  compared with 
the single-gas accelerator .  Unfortunately only a few two-gas acce lera tor  
fir ings were  made,  and it was not possible to develop the technique. The 
firing program concentrated on the single-gas acce lera tor  because it was 
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felt that it was undesirable to divide effort  on a program having such a 
relatively sho r t  t ime scale  (four months). It is nevertheless felt  that  the 
two-gas concept is extremely promising and may eventually be the means 
whereby the highest acce le ra tor  performances a r e  achieved. 

F o r  the single-gas acce lera tor  configurations which were  examine.d 
in this study, a n  upper limit was placed on performance by the base p re s -  
s u r e  capabilities of the disk-like secondary projecti les.  I t  was found that 
there  was a strong and unexplained dependency of the peak base p re s su res  
a t  which fai lure  occurred ,  on the length to diameter  ra t ios  of the projectile; 
thicker projecti les being able to withstand higher p re s su res .  This depend- 
ency was not attr ibutable to variations in mater ia l ,  manufacturing methods 
o r  surface finish, Possible  causes  were  the initial s ta t ic  deflection of the 
projecti le as a diaphragm, due to the loading gas  p re s su re ;  and the effect 
of dynamic flexing due to the unsteady wave propagation sys t em s e t  up in 
the projectile by the a r r i v a l  of shock wavesc 
such that at maximum amplitude the projecti le would assume a saucer  shape 
with the concave surface forward. 
often observed experimentally,  normally with the concave surface to the 
front,  

The dynamic flexing mode is 

Saucer  shaped intact projecti les were  

Insufficient t ime was available to  ascer ta in  the degree to which per -  
formance may be enhanced by the use of lighter me ta l  alloys than aluminum, 
such as magnesium and magnesium-lithium alloys. The la t ter  alloy would 
permi t  an  increase in projectile L / D  rat io  to 0.1 f r o m  0.05 for  aluminum, 
in the acce lera tor  configurations studiede 

The acce lera tor  concept appears  to be entirely valid, in that  experi-  
mental  t es t s  gave good agreement  with theory,  and indicated that energy 
losses  will  not r e s t r i c t  the development of the acce lera tor  to a very  high 
performance. Extrapolation of the experimental  resul ts  indicates that 
velocities of 4 5 , 0 0 0  fee%/second will  be achievable at the top end of the 
light gas  gun performance. 
the acce lera tor  configuration to produce higher values of velocity multi-  
plication, so  that  the accelerator  has a much higher velocity potential. 

However, it  appears  to be possible to develop 

Accelerator  performance was l imited by the anomalous fai lure  char -  
ac te r i s t ics  of the disk-like projecti les.  
should place a strong emphasis on the understanding of unsteady s t r e s s  

Fur the r  acce lera tor  development 
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wave propagations in the projectile 
continue to be employed. 
and rarefaction processes  
tube wall, 

whether or not disk-like projecti les 
Such a study must  be tied not only to the g a s  shock 

but a lso t.o s t r e s s  waves generated at the launch 
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SECTION 6 

RECOMMENDATlONS 

The experimental  p rogram has demonstrated that the constant a r e a  
acce lera tor  has an  extremely promising potential f o r  development to  much 
higher velocit ies.  Difficulties in the p rogram were  mainly associated with 
the failure charac te r i s t ics  of the very sho r t  disk-like projecti les.  

The experimental  p rogram was subject to the res t r ic t ion  of a shor t  
dump tank, which l imited the acce lera tor  length. 
fe l t  to be unnecessar i ly  severe .  In t e r m s  of overal l  velocity capability, 
f o r  example, it might well  be m o r e  advantageous to  increase  the acce lera tor  
length by, s a y ,  one foot at the expense of a one foot decrease  in the gun 
b a r r e l  length. 

This res t r ic t ion  was 

Based on the above, it is recornmended that fur ther  development of 
the acce lera tor  should proceed as follows: 

An acce lera tor  configuration should be sought in 
which increased  LID meta l  projecti les may be em-  
ployed; not only because of the above fai lure  
cha rac t e r i s t i c s ,  but a l so  because disk-like pro- 
ject i les  a r e  not an at t ract ive proposition for  de- 
velopment as a c a r r i e r ,  holding a third,  sma l l e r  
projecti le.  

The experimental  development should be supported 
by a theoret ical  study of s t r e s s  wave propagations 
in the projectile. 
gaining an  increased understanding of the factors  
governing projecti le damage, so  that such  damage 
may be avoided. 

This study would be aimed at 

The acce lera tor  should be developed without r e -  
s t r ic t ing its length due to space limitations. 
latter may be considered when the bes t  acce le ra tor  
formula for high performance has been determined. 

The 
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APPENDIX A 

SIMPLIFIED ANALYSIS - ONE GAS CASE 

/ 
In it ia I 
Cond i t ion 

MP 

v1 

If no external  forces  act  on the sys tem,  then the final conditions may 
be related to initial conditions by simple equations of conservation of mom- 
entum and energy. If i t  is assumed that the gas density is uniform when the 
final conditions a r e  achieved, then the gas  momentum and kinetic energy 
may be expressed  in t e r m s  of the projectile velocities as follows: 

where 

gas  momentum 

gas kinetic energy 

MG = gas mass 

Va = final p r imary  

v, t v,  
2 

= MG 

- MG ( V g  t VLV,  t V,") - -  
2 3 

projectile veloc ity 

V ,  = final secondary projectile velocity (launch velocity). 

The sys t em momentum and energy conservation equations may then 
be written: 

v2 tvL  t M L V L  momentum: MpV1 = MpV, t MG 
2 

where MP = mass of p r imary  projecti le 

M, = mass of secondary projecti le 

K = factor expressing loss  of kinetic energy to  gas  
internal energy o r  heat losses .  
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V ,  may then be expressed  as follows: 

where 
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APPENDIX B 

SIMPLlFlED ANALYSIS - TWO GAS CASE 

Initial 
Conditions High Density Gas Low Density Gas 

Final 
Cond it i ons p* P B  

If no ex terna l  forces  act  on the sys tem,  then the final conditions may 
be related to initial conditions by simple equations of conservation of 
momentum and energy. 
par tment  is uniform when the final conditions a r e  reached,  then the gas 
momentum and kinetic energy may be expressed  as follows: 

If it is assumed that the gas  density in each  com- 

= x. t Y. A V% t z, v v  say 
2 2 
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The sys t em momentum and energy conservations may then be 
written: 

a r / 1  .A momentum: M,V, = M,V, + V, p, AL, + peAL; - -  n t n2 L L 2  

energy: 

In the above: 

p A  = density in compartment A 

pe  = density in compartment B 

n = position of interface as fraction of L 

L = length of gas  column 

V, = initial p r imary  projecti le velocity 

Vz = final p r imary  projecti le velocity 

V L  = final secondary projectile velocity 

A = acce lera tor  c r o s s  section 

M, = pr imary  projecti le mass 

ML = secondary projecti le mass 

K = factor expressing loss  of kinetic energy to gas 
internal energy o r  heat losses  

The above relationships a r e  then solved to give the velocity 
multiplication factor V,/V,. 
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Figure  16. Instrumentation - Control A r e a  
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Figure  25. Experimental  Velocity Multiplication Fac tor  ve r sus  
Launch Tube Length 
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